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Abstract 

Background: Mitochondrial morphology is maintained by two distinct membrane events -fission and fusion. 
Altering these conserved processes can disrupt mitochondrial morphology and distribution, thereby disrupting the 
organelle's functionality and impeding cellular function. In higher eukaryotes, these processes are mediated by a 
family of dynamin-related proteins (DRP's). In the lower eukaryotes, for instance Dictyostelium discoideum, 
mitochondrial fission and fusion have been implicated but not yet established. To understand the overall 
mechanism of these dynamics across organisms, we developed an assay to identify fission and fusion events in 
Dictyostelium and to assess the involvement of the mitochondrial proteins, MidA, CluA, and two DRP's, DymA 
and DymB. 

Findings: Using laser scanning confocal microscopy we show, for the first time, that lower eukaryotes mediate 
mitochondrial fission and fusion. In Dictyostelium, these processes are balanced, occurring approximately 
1 event/minute. Quantification of the rates in rnidA', duA~, dyrnA', or dyrnB' strains established that MidA appears 
to play an indirect role in the regulation of fission and fusion, while the DRP's are not essential for these processes. 
Rates of fission and fusion were significantly reduced in duA'ceWs, indicating that CluA is necessary for maintaining 
both fission and fusion. 

Conclusions: We have successfully demonstrated that Dictyostelium mitochondria undergo the dynamic processes 
of fission and fusion. The classical mediators of membrane dynamics - the DRP's - are not necessary for these 
dynamics, whereas CluA is necessary for both processes. This work contributes to our overall understanding of 
mitochondrial dynamics and ultimately will provide additional insight into mitochondrial disease. 
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Findings fission and fusion. Fission is the process by which mito- 

Background chondria divide, while fusion occurs when neighbouring 

Mitochondria are cellular organelles that produce energy organelles join together to become one [1,4,5]. 
in the form of ATP, play a central role in cellular meta- Disrupting these processes alters not only the mito- 
bolic pathways, and are essential for regulating apoptosis chondrial morphology but also the distribution of mito- 
[1-3]. In most organisms, mitochondria are reticular, chondria throughout the cell. Uneven distribution 
highly branched, complex structures [4]. The mainten- decreases the targeting efficiency of critical metabolites, 
ance of this structure is vital for the success of these and such as ATP [6] . It has also been suggested that fission 
other essential cellular functions. In both yeast and mam- and fusion ensure a healthy population of mitochondria 
malian cells, this tubular structure is maintained by a bal- and protect against potential damage or loss of the mito- 
ance of two dynamic and highly conserved processes: chondrial DNA which contains the genes necessary to 

carry out cellular respiration [7]. These processes play a 
significant role in the regulation of apoptosis [2,8-10] 
and have been implicated in normal developmental path- 
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diseases such as Charcot-Marie Tooth or dominant optic 
atrophy [2,11-13]. 

To understand the mechanism of these mitochondrial 
processes, studies have been undertaken in yeast and 
mammalian cells - the results of which indicate that 
mitochondrial fission and fusion are mediated by a fam- 
ily of dynamin-related proteins (DRPs) [1,14-17]. DRPs 
function in membrane remodelling events such as bud- 
ding, organelle fission and fusion, endocytosis, and cyto- 
kinesis [18-21]. These proteins do not work alone; in 
mitochondria, multi-component machines — fission and 
fusion complexes — are responsible for remodelling the 
inner and outer mitochondrial membranes to allow a tu- 
bule to divide or fuse [5,17]. Although the processes 
themselves are highly conserved, variations in the pro- 
tein composition of the complexes do occur. For ex- 
ample, mammalian cells lack the adaptors Mdvl and 
Ugol that function in yeast cells [1,3,17,22]. 

In an effort to understand the overall mechanism of 
these processes and the differences between organisms, 
a study of the lower eukaryote, Dictyostelium discoi- 
deum, was undertaken. It has been suggested that Dic- 
tyostelium cells do carry out mitochondrial fission 
[23,24], but no actual fission or fusion events have been 
identified. Thus, we developed an in vivo assay to deter- 
mine if Dictyostelium cells carry out the processes of 
mitochondrial fission and fusion and to identify potential 
molecular players in these pathways. Dictyostelium 
expresses a number of proteins that are associated 
(based on function, homology, or localization) with the 
mitochondria, including two DRP and three dynamin- 
like proteins [21]. For this study, we chose the two 
DRPs, DymA and DymB, and two non-DRPs, MidA 
and CluA. MidA was chosen because it does not induce 
a change in mitochondrial morphology yet plays a sig- 
nificant role in mitochondrial function [25]. CluA was 
chosen because deletion of this protein induces a clus- 
tered mitochondrial morphology comparable to a fis- 
sion defect in yeast cells [26,27]. Here, we present the 
first time-lapse images showing actual fission and fusion 
events in Dictyostelium cells. We quantified these 
events to establish that mitochondrial fission and fusion 
are balanced processes in these cells. In addition, we 
have begun to determine which proteins are essential 
for these processes. Our results reveal that MidA and 
the DRPs - DymA and DymB - are not required for 
mitochondrial fission or fusion. Interestingly, CluA 
appears to have some role in both processes as demon- 
strated by a decrease in both rates in the proteins ab- 
sence. The results from this work will further our 
knowledge of the mechanisms of fission and fusion, ul- 
timately contributing to a better understanding of both 
membrane dynamics and, more importantly, mitochon- 
drial disease. 



Methods 

Strain culture and growth conditions 

All Dictyostelium discoideum strains described here were 
obtained from Dicty Stock Center [28], AX4 (wild-type) 
was deposited by Bill Loomis, cluA' by Margaret Clarke, 
dymA and dymB' by Dietmar Manstein, and midA by 
Ricardo Escalante. The strains were cultured axenically 
in liquid HL5 medium supplemented with streptomycin 
(Fisher) (final concentration 300 (ig/ml) and ampicillin 
(Fisher) (final concentration 150 (ig/ml) at 22 °C shaking 
at 125 rpm [29]. 

Confocal microscopy of Dictyostelium mitochondria 

AX4, midA', and cluA' cells were diluted to 3 X 10 4 
cells/ml in Lo-Flo liquid media (Formedium) until cells 
reached log phase (4-7 days). dymA and dymB' cells 
were diluted into HL-5 instead of Lo-Flo. Log phase 
cells (5 ml) were washed by centrifuging at 500 x g for 
4 minutes and resuspended in 5 ml of Lo-Flo (including 
dymA' and dymB') plus 1 ul of 1 mM MitoTracker Red 
CMXRos (Invitrogen) [30]. Cells were incubated at room 
temperature with shaking for 3-5 hours, washed twice 
with Lo-Flo, and resuspended in 5 ml Lo-Flo media. 
Washed and stained cells (0.5 ml) were placed in Lab 
Tekll 4-well chambered coverglass (Nalge Nunc Inter- 
national) for imaging. 

Quantification of mitochondrial fission and fusion 

Quantified cells were imaged on a Zeiss laser scanning 
LSM Pascal confocal microscope using a pinhole of 144 
(1.36 airy units), resulting in an optical slice of 1.1 \im. 
A single plane was imaged every 677.38 milliseconds for 
100 seconds or until bleaching occurred. Fission and fu- 
sion events were identified in a minimum of 35 cells for 
each strain. Fission was identified when one organelle 
became two if, prior to this, no out-of-focus mitochon- 
dria had been visible. Fusion was identified when two 
mitochondria rotated around one another for a couple 
of frames (They never resolved into one during this 
time.) then became one. If two organelles came together, 
or split apart and were in their original state by the next 
frame, this was classified as a "drive by" and not quanti- 
fied. Rates were calculated by averaging the number of 
events/min/cell for each strain and are presented as 
mean ± standard error. Statistical analysis was performed 
using JMP 9.0.0 (SAS Institute, Inc) software. Wilcoxon 
rank-sum nonparametric t-tests were conducted for stat- 
istical comparisons of fission and fusion within and 
among strains; p-values less than 0.05 were considered 
statistically significant. 

To be as stringent as possible with this assay, the data 
presented here has been repeated independently by a 
second individual who obtained statistically similar 
results (data not shown). 
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In an effort to confirm that the identified fission and 
fusion events are not from mitochondria entering and 
leaving the focal plane, small z-stacks were imaged. 
These included 3 planes of 1.1 \im depth, images were 
flattened and quantified as above. 

Results 

Dictyostelium mitochondria undergo fission and fusion 

Recent work in the model organism, Dictyostelium dis- 
coideum, has suggested that the process of mitochon- 
drial fission takes place; however, fixed-cell studies have 
conclusively demonstrated that Dictyostelium mitochon- 
dria are spherical organelles rather than the well studied 
tubular mitochondria found in most other organisms 
[20,21,23,24]. The simplicity of these spherical mito- 
chondria suggests that the processes of fission and fu- 
sion are not necessary to maintain this organelle 
morphology. Thus, to determine if mitochondrial fission 
and fusion actually occurs in Dictyostelium cells, we 
developed a live cell fission and fusion assay. Upon first 
analysis of the mitochondria, it was apparent that there 
were too many organelles to clearly distinguish fission 
and fusion events in a whole cell (Figure 1). 

Using laser scanning confocal microscopy with a pin- 
hole of 1.35 airy units, which produces a 1.1 \im optical 
depth and Mitotracker Red (a well established mitochon- 
drial marker) [30], a single plane of each cell was observed 
for fission or for fusion. The results demonstrated that 
Dictyostelium mitochondria do indeed undergo both of 
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Figure 1 Projection of a Dictyostelium cell with fluorescent 
mitochondria. Dictyostelium mitochondria are numerous and 
spherical in structure. The image is a projection of 13 z-plane 
confocal images, using a 63X objective. 

V / 



these dynamic processes (Figure 2, Additional file 1). 
Upon quantification of these events, it was apparent that, 
like yeast, the average rates of fission and fusion were 
balanced (p-value = 0.40), occurring at a rate of 1.00 ± 0.12 
(mean ± standard error) fission events/min and 0.95 ±0.17 
fusion events/min (Figure 3). In order to ensure that 
identified fission and fusion events were not the result 
of organelles travelling into or out of the focal plane, small 
z-stacks (3 image planes of 1.1 \im each) were imaged. 
Quantification of these flattened z-stacks indicated that 
fission and fusion still took place and were balanced; thus, 
the identified events in the single plane imaging were 
genuine and not the result of mitochondria travelling 
through the focal plane. 

MidA is not involved in mitochondrial fission or fusion 

There are numerous proteins, based on function or 
homology, which may play a role in mitochondrial fis- 
sion or fusion. We chose four of these proteins and used 
our assay to determine if they were involved in these 
processes. MidA is a putative methyltransferase that is 
targeted to the mitochondria and is required for mito- 
chondrial complex I function [31]; it has been identified 
in Dictyostelium and humans [25] with a possible homo- 
log in budding yeast [32]. Mitochondrial morphology of 
midA cells is not altered from wild- type [25]; thus, we 
did not expect MidA to be involved in fission or fusion. 
Interestingly, when the processes were quantified in 
midA cells, the fission rate (0.59 ±0.15 events/min) was 
significantly decreased as compared to the wild-type 
(p-value = 0.0056). In contrast, the average rate of fusion 
(0.78 ±0.18 events/min) was not statistically different 
from wild-type (p-value = 0.17). Despite the decrease of 
fission, the rates between the two processes are balanced 
(p-value = 0.527) and there is no resulting morphological 
change so, most likely, MidA is not directly involved in 
mitochondrial fission (Figure 3, Additional file 2). 

CluA is necessary for maintaining rates of fission and 
fusion 

Homologs of the Dictyostelium protein, CluA, have been 
identified in Arabidopsis thaliana, Caenorhabditis ele- 
gans, Drosophila melanogaster,, Homo sapiens, and Sac- 
charomyces cerevisiae. Mutations of this protein result in 
clustered mitochondria in all organisms with the excep- 
tion of C. elegans (Figure 4) [27,33,34]. In c/mA "cells, fis- 
sion and fusion rates remained balanced, with 
0.64 ±0.15 fission events/min and 0.35 ±0.16 fusion 
events/min (p-value = 0.079), but were significantly 
decreased as compared to wild-type cells (fission: p- 
value = 0.0218; fusion: p-value = 0.0001) (Figure 3, Add- 
itional file 3). Interestingly, the fission and fusion events 
were only found among mitochondria not a part of a 
cluster. For example in Figure 4 and Additional file 3, 
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Figure 2 Montage of Dictyostelium mitochondria over time. Dictyostelium mitochondria undergo fission and fusion. The arrow points to a 
fission event, the arrowhead indicates a fusion event, and the concave arrow indicates a hotspot that undergoes first fusion and then fission. 
These single plane images were acquired every 5 seconds with a 0.8 urn optical depth by a 63X objective. Please note: this image was not used 
for quantification of fission and fusion event as the time points are too far apart. 



fission and fusion can be seen in the top, less clustered 
cell but none were found in the bottom cell (Additional 
file 3). These results suggested that CluA is necessary to 
maintain the rates of mitochondrial dynamics at the 
level found in wild-type cells. 



Classical DRP's are not essential for mitochondrial 
dynamics in Dictyostelium 

Here we analyzed the two DRPs, dynamin A (DymA) 
and dynamin B (DymB), for function in mitochondrial 
dynamics. Cells lacking DymA exhibit loose aggregates 




AX4 midA' cluA' dymA' dymB 

Figure 3 Rates of fission and fusion in wild-type, midA', cluA', dymA', and dymB' strains. In all strains, the rates of fission and fusion were 
balanced (a = 0.05 for all comparisons). Symbols indicate significant differences between the rates of fission/fusion. Wild-type mitochondria 
undergo fission and fusion approximately one event/min. midA' cells have a significantly decreased fission rate (p-value = 0.0056) while the fusion 
rate is statistically no different (p-value = 0.17) than wild-type. Fission and fusion rates in cluA' cells are significantly decreased (p-value = 0.0218 
and 0.0001 respectively) from wild-type, occurring approximately 1 event every 2 minutes. dymA' and dymB' cells do not significantly differ from 
wild-type cells in terms of mitochondrial fission and fusion {dymA~ vs. AX4 fission: p-value = 0.93; fusion: p-value = 0.934; dymB' vs. AX4 fission: 
p-value = 0.38; fusion: p-value = 0.99). 
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Figure 4 cluA' cells have clustered mitochondria. Live single 
plane image of cluA' cells demonstrates a clustered morphology. 
Image was acquired with a 1.1 urn optical depth with no averaging 
by a 63X objective. 



of both spherical and tubular mitochondria (Figure 5) 
[20]. Analysis of dymA' cells showed that the mitochon- 
dria have an average fission rate of 0.98 ±0.12 events/ 
min while fusion occurs at an average rate of 1.01 ±0.19 




Figure 5 dymA cells have aggregated mitochondria. Live single 
plane image eft dymA cells demonstrates a slightly aggregated 
morphology, along with some tubules. Image was acquired with a 
1.1 urn optical depth with no averaging by a 63X objective. 

V / 



events/min (Figure 3, Additional file 4). These rates were 
balanced (p-value = 0.82) and were not significantly differ- 
ent from that observed in wild-type cells (fission: p-value = 
0.93; fusion: p-value = 0.934). Thus, these results suggest 
that DymA is not essential for fission or fusion of the 
mitochondria in Dictyostelium cells. 

DymB transiently localizes to the mitochondria - perhaps 
to complete post-translational processing- although dele- 
tions of DymB do not alter mitochondrial morphol- 
ogy [21]. In an effort to determine if DymB functions 
in mitochondrial dynamics, dymB' mitochondria were 
examined and the rates of fission and fusion were found 
to be balanced (p-value = 0.83) and occur at a rate of 
0.88 ±0.14 fission events/min and 0.92 ±0.14 fusion 
events/min (Additional file 5). These rates are not signifi- 
cantly different from AX4 (fission: p-value = 0.38; fusion: 
p-value = 0.99), therefore DymB is also not required for 
mitochondrial fission or fusion. 

Discussion 

Here, we presented our findings on the processes of fis- 
sion and fusion in Dictyostelium cells. Using our in vivo 
quantification assay, we demonstrated for the first time 
that, although Dictyostelium mitochondria are spherical 
in structure, their mitochondria do undergo fission and 
fusion. In further support of this result, Dictyostelium 
mitochondria morphology is very similar in appearance 
to peroxisomes. Peroxisomes have been shown to 
undergo the dynamic process of fission (though not fu- 
sion) [35]; thus, even spherical organelles require some 
dynamics. Based on the spherical structure, one might 
expect fission to occur more often than fusion to create 
the spheres rather than tubules that are found in other 
organisms. In Dictyostelium, the events are balanced, oc- 
curring approximately 1 event/min; interestingly, this is 
about twice as often as the rates published for yeast [5]. 

In an effort to begin identifying potential players in the 
fission and fusion processes, we examined four proteins 
that have some known association with the mitochon- 
dria. MidA appears to significantly alter mitochondrial 
function by disrupting the assembly of complex I in the 
electron transport chain [31]. Mutations in this protein 
result in numerous deleterious phenotypes ranging from 
small cell size and slow growth rate to a decrease in 
phagocytosis and macropinocytosis as well as a 70% re- 
duction in ATP production [25]. 

Although fission and fusion are slightly decreased 
(fission more so than fusion), the rates are still balanced 
and mitochondrial morphology is not altered. This de- 
crease in mitochondrial dynamics may be an indirect re- 
sult of the inadequately functioning mitochondria. The 
work presented here suggests that MidA does not play a 
direct role in the processes of fission and fusion. 
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Transmission electron microscope images of cluA' 
cells indicate that the mitochondria are connected to 
one another, forming the characteristic cluster [24]. Our 
results demonstrate that there is a significant decrease in 
both fission and fusion processes of these mitochondria, 
resulting in a fission/fusion event approximately every 
two minutes. These collective results suggest that per- 
haps in the absence of CluA fission and/or fusion may 
be initiated but not completed, resulting in a connected 
cluster of organelles. The inability to complete the 
initiated events may be due to a loss of interaction with 
the cytoskeleton. CluA has homology to the protein- 
protein interaction region of the kinesin light chain - the 
tetratricopeptide repeats (TPR) domain [24] - suggesting 
that CluA could interact with kinesin and thus, the cyto- 
skeleton. Studies performed in flies and plants support 
this conclusion [33,34]. However, there are many TPR 
proteins that do not interact with kinesin; an example is 
Fisl, a TPR protein which is required for mitochondrial 
fission in yeast and mammalian cells [36]. Ultimately, to 
tease out the specific role CluA plays in these processes, 
further studies will need to be pursued; for example, 
identifying interacting partners of CluA will help to de- 
termine if it connects to the cytoskeleton and/or to 
other potential fission and fusion proteins. 

Finally, we looked at the classical proteins that mediate 
membrane remodelling events, the DRPs. Previous work 
suggests that both DymA and DymB have primary func- 
tions elsewhere in the Dictyostelium cell - endosomal 
pathway and vacuole/peroxisome dynamics respectively 
[20,21]. However, several proteins have been co-opted to 
work in multiple organelle remodeling events. In yeast 
for instance, both the peroxisome and the mitochondria 
use the DRP, Dnml, to carry out fission [37]. Thus, we 
analyzed both DymA and DymB to see if one of these 
proteins may have been co-opted to work in multiple re- 
modelling events. dyrnA' and dymB' mitochondria 
undergo fission and fusion about once every minute 
(equivalent to the rate found in wild- type cells) thus, 
DymA and DymB are not essential for these processes 
and have not been co-opted to mediate multiple organ- 
elle remodelling events. Although DRPs have been 
found to be responsible for mediating fission and fusion 
in all organisms studied to date, this is the first time it 
has been demonstrated that the classical DRP s are not 
required for mitochondrial dynamics. It is possible that 
the DRP-like proteins play this role in Dictyostelium or 
more likely the FtsZ homologs, FszA and FszB, as sug- 
gested by Gilson et al, 2003 [23]. 

Conclusions 

In summary, we have shown for the first time that Dic- 
tyostelium mitochondria undergo fission and fusion like 
all organisms studied to date. The rates of these events 



are balanced, occurring at a rate of approximately 1 
event/min. MidA is not essential for these processes nor 
are the classical DRP s, DymA and DymB, while CluA is 
necessary for both fission and fusion. This work contri- 
butes to our understanding of the overall mechanism of 
mitochondrial fission and fusion, but it is lacking the 
identification of the proteins specifically involved in 
these processes. Our goal is to use this assay to continue 
the search for these proteins, specifically asking if FszA 
or FszB might be responsible for mediating mitochon- 
drial fission or fusion in place of the DRP s. 

Availability of supporting data 

The data sets supporting the results of this article are 
included within the article and its additional files. 

Additional files 



Additional file 1: MPEG (.mp4) Live cell movie of Dictyostelium 
mitochondria. Mitochondria in Dictyostelium cells are very dynamic, 
rapidly moving and undergoing fission and fusion. The circle indicates a 
fusion event occurring at 15-16 seconds, the box indicates a fission 
event occurring at 8-10 seconds. Single plane images were acquired 
every 677.38 milli-seconds with a 1.1 urn optical depth by a 63X 
objective. The movie is presented at 2 frames per second. 

Additional file 2: MPEG (.mp4) Live cell movie of midA' 
mitochondria. Mitochondria in midA' cells are dynamic, undergoing 
fission and fusion, though slightly slower than wild-type cells. The circle 
indicates a fusion event occurring at 15-16 seconds, the box indicates a 
fission event occurring at 14-18 seconds. Single plane images were 
acquired every 677.38 milli-seconds with a 1.1 urn optical depth, no 
averaging and a 63X objective. The movie is presented at 5 frames per 
second. 

Additional file 3: MPEG (.mp4) Live cell movie of cluA 
mitochondria. Mitochondria in cluA cells are clustered and have 
significantly decreased dynamics. The circle indicates a fusion event 
occurring at 40-42 seconds, the box indicates a fission event occurring at 
48-52 seconds. Note: within the circle there are a series of fission and 
fusion events, but they are several frames apart. Single plane images 
were acquired every 677.38 milli-seconds with a 1.1 urn optical depth, no 
averaging and a 63X objective. The movie is presented at 3 frames per 
second. 

Additional file 4: MPEG (.mp4) Live cell movie of dyrnA' 
mitochondria. Mitochondria in dyrnA' cells are slightly aggregated, may 
form tubules, or align into tubule like structures. Dynamics are similar to 
wild-type cells. The circle indicates a fusion event occurring at 22- 
24 seconds; the box indicates a fission event occurring at 1-5 seconds. 
Note: within the square, the movie begins a with fusion event distinctly 
separated by several frames before the fission event. Single plane images 
were acquired every 677.38 milli-seconds with a 1.1 urn optical depth, no 
averaging and a 63X objective. The movie is presented at 3 frames per 
second. 

Additional file 5: MPEG (.mp4) Live cell movie of dymB' 
mitochondria. Mitochondria in dymB' cells are morphologically the same 
as wild-type cells with similar dynamics. The circle indicates a fusion 
event occurring at 1:09-1:12 minutes; the box indicates a fission event 
occurring at 12-14 seconds. Single plane images were acquired every 
677.38 milli-seconds with a 1.1 urn optical depth, no averaging and a 63X 
objective. The movie is presented at 5 frames per second. 



Abbreviations 

DRP: dynamin-related protein; DymA: dynamin A; DymB: dynamin B; 
TPR: tetratricopeptide repeats. 
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